A novel indicator reaction for the catalytic determination of V(V) at ppb levels by the kinetic spectrophotometric method Eclética Química, vol. 34, núm. 4, diciembre, 2009, pp. 49-64 Universidade Estadual Paulista Júlio de Mesquita Filho Araraquara, Brasil Abstract: A novel sensitive and relatively selective kinetic method is presented for the determination of V(V), based on its catalytic effect on the oxidation reaction of Ponceau Xylydine by potassium bromate in presence of 5-sulfosalicylic acid (SSA) as activator. The reaction was monitored spectrophotometrically by measuring the decrease in absorbance of Ponceau Xylydine at 640 nm between 0.5 to 7 min (the fixed time method) in H 3 PO 4 medium at 25 o C. The effect of various parameters such as concentrations of H 3 PO 4 , SSA, bromate and Ponceau Xylydine, temperature and ionic strength on the rate of net reaction were studied. The method is free from most interferences, especially from large amounts of V(IV). The decrease in absorbance is proportional to the concentration of V(V) over the entire concentration range tested (1-15 ng mL −1 ) with a detection limit of 0.46 ng mL -1 (according to statistical 3S blank /k criterion) and a coefficient of variation (CV) of 1.8% (for ten replicate measurement at 95% confidence level). The proposed method suffers few interferences such as Cr(VI) and Hg(II) ions. The method was successfully applied to the determination of V(V) in tap water, drinking water, bottled mineral water samples and a certified standard reference material such as SRM-1640 with satisfactory results. The vanadium contents of water samples were also determined by FAAS for a comparison. The recovery of spiked vanadium(V) was found to be quantitative and the reproducibility was satisfactory. It was observed that the results of the SRM 1640 were in good agreement with the certified value.
Introduction
Determination of vanadium is important, particularly from a biological and industrial point of view. Vanadium is a metallic element that occurs in six oxidation states in numerous inorganic compounds. It is used primarily as an alloying agent in steels and non-ferrous alloys. Vanadium compounds are also used as catalysts and in chemical, ceramic or specialty applications. Also, in-vitro studies have shown that vanadium is essential for cell growth at μg L -1 levels, but can be toxic at higher concentrations. The toxicity of vanadium depends on its physico-chemical state; particularly on its valance state and solubility [1] [2] . In body, vanadium can undergo changes in oxidation state (V(V) and V(IV) forms) and it can also bind with blood protein. V(IV) is less toxic than V(V) in environmental systems and can be produced by various industrial redox processes. It was observed that V(IV) in aqueous solutions forms complexes, most easily with reagents containing oxygen or sulfur donor ligands [3] [4] [5] . This point testifies to the interest in the determination 
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Artigo Article of V(IV) and the presentation of simple, selective, precise and inexpensive methods for the determination of this metal ion. Different methods such as ICP-MS, ICO-AES, NSAA, AAS, and spectrophotometry [6] [7] [8] [9] [10] [11] [12] are most frequently used for the determination of vanadium compounds. However, the relatively high instrumental cost and need for preconcentration, chromatographic separation, extraction or coprecipitation are common disadvantages. Kinetic methods of analysis based on catalyzed or uncatalyzed reactions have been applied to trace analyses for vanadium determination because of their extremely high sensitivity. On the other hand, among the most important kinetic methods, catalytic methods are very well known because of their simplicity, sensitivity, selectivity and low cost of instrumentation [13] [14] [15] [16] . These methods are based on vanadium catalytic properties concerning the oxidation of certain organic compounds.
Several researchers have reported the use of catalytic reaction for the determination of V(IV), since V(IV) is a very good catalyst for the oxidation of various organic dyes in the presence or absence of activators [17] [18] . Bromates have been extensively used as the principal oxidant agent, although iodate and hydrogen peroxide have also been investigated [19] . According to Safavi et al. [20] , a method based on the oxidation of Aniline Blue by bromate is very selective for the determination of V (IV), even in the presence of a large excess (250 mg L -1 ) of vanadium (V). Kinetic-catalytic determination of V (IV) using a Methyl Orange-bromate redox reaction was proposed by Absalan and Alipour [21] , the measured kinetic parameter was net absorbance-against-time by measuring the decrease in absorbance of Methyl Orange at 507 nm after a fixed time. It was found that the determination of vanadium (IV), based on its catalytic effect on the reaction between Methyl Orange and bromate, was seriously affected by the presence of V(V). This method was successfully applied to the determination of V(IV) in water samples with good sensitivity.
In another work [22] researchers proposed a kinetic-catalytic spectrophotometric method for the determination of trace amounts of V(IV) and V(V) ions. The vanadium (IV) as VO 2+ ion and vanadium(V) as VO 3 -ion showed a catalytic effect on the kinetic reactions between methylthymol blue (MTB) and bromate in acidic media. The linear ranges for the determination of vanadium were obtained in the range of 1.0-150 and 5.0-100.0 μg L -1 by the fixed-time and slope methods, respectively. Using the fixed-time method, the limit of detection was found to be 0.5 μg L -1 of vanadium. The detection limit of vanadium by the slope method was found to be 3.5 μg L -1 of vanadium. Many of this and similar kinetic methods lack either sensitivity or satisfactory selectivity or they have a limited dynamic calibration range. Hence, the development of more sensitive and selective catalytic methods for the kinetic determination of vanadium (V(V) or V(IV)) is still sought.
In the present study, we describe a simple, rapid, precise, relatively selective and sensitive analytical method for the kinetic determination of V(V) at ppb levels using its catalytic effect on the oxidation of Ponceau Xyldine by BrO 3 -ion in 0.16 mol L -1 H 3 PO 4 medium in the presence of 5-sulfosalycylic acid as an activator.
Experimental

Apparatus
In the present study, a Shimadzu Model UV-Visible 1601 PC spectrophotometer equipped with a 1 cm quartz cell was used for absorbance measurements. This spectrophotometer has a wavelength accuracy of ±0.2 nm and a bandwidth of 2 nm in the wavelength range of 190-1100 nm. A TCC-140A mark temperature-controlled cell holder to this instrument was attached for absorbance measurements at a fixed wavelength. A Shimadzu AAS-6300 atomic absorption spectrophotometer with a deuterium background correction was used for the determination of vanadium in the following conditions: wavelength: 318.4 nm, lamp current: 10 mA, slit width: 0.7 nm, burner height: 11 mm, C 2 H 2 flow: 7.5 L min -1 , N 2 O flow: 11.0 L min -1 . In order to control the temperature of reac-Artigo Article tion medium with an accuracy of ±0.1 o C a Grant LTG-6G model thermostatic water bath regulated at the desired temperature was used (operating in the temperature range of -20 and 100 o C). A stopwatch was used for recording the reaction time. All solutions were preheated to a temperature of 25±0.1 o C shortly before the initiation of indicator reaction with and without catalyst. All absorbance measurements were made at a working wavelength of 640 nm.
Reagents and solutions
All chemicals were of analytical reagent grade from Merck or Fluka. Triply distilled, deionized water was used in preparation of all solutions.
Vanadium(V) stock standard solution (1.000 mg mL −1 ) was prepared by dissolving 0.2296 g of ammonium metavanadate (NH 4 VO 3 , Merck) in 100 ml water. Working solutions were subsequently prepared before use by appropriate dilution of the stock solution. Indicator reagent dye (1×10 −3 mol l −1 ) solution was made by dissolving a suitable amount of Ponceau Xylydine (Fluka) in 100 ml water. A stock solution of KBrO 3 (0.10 mol L −1 ) solution was prepared by dissolving 1.670 g potassium bromate (Merck) in 100 ml water; 5-sulfosalycilic acid solution (0.02 mol L −1 ) was prepared by dissolving 2.000 g 5-sulfosalycilic acid (Merck) in 100 ml water; H 3 PO 4 (2.00 mol L −1 ) solution was made by mixing appropriate volumes of concentrated H 3 PO 4 in 100 ml water. Stock solutions of interfering ions (1 mg mL −1 ) were prepared by dissolving suitable salts in water, hydrochloric acid or a sodium hydroxide solution. More dilute solutions were prepared daily from the appropriate stock solution.
Experimental procedure
All solutions were thermally equilibrated at 25°C in a thermostatic water bath before addition of reagents. A suitable portion of vanadium (V) solution in the range of 1-15 ng mL -1 was placed into a 10-ml calibrated flask, then 0.80 ml of
Ponceau Xylydine, 0.3 mL 0.02 mol L -1 SSA were added and the solution was diluted to about 7 ml. To this solution 1.3 ml 0.1 mol L -1 BrO 3 -solution were added and he mixture was diluted to 10 ml with water. It should be noted that the order of the addition of the reagents is very important. Time was measured just after the addition of the last drop of bromate solution. The solution was mixed and a portion of that was transferred within 30 s into a 1 cm spectrophotometric cell to record the absorbance change (∆A C ) against water at 640 nm over the period 0.5-7.0 min after the initiation of the reaction by using fixed-time method. Similarly, the measurement in the absence of vanadium as catalyst was repeated to obtain the values ∆A 0 for the uncatalyzed reaction. By the use of a serial of standard vanadium solution, a calibration graph of net change of absorbance, ∆(∆A) at a fixed time versus vanadium concentration was constructed.
Results and Discussion
Preliminary investigations
Ponceau Xylidine, a textile azo-group indicator dye, which is known as Acid Red 26, Ponceau 2 R and Xylidine ponceau 2R has the following structural formula;
Due to having a large number of Π electrons and a chromopher azo-group, the indicator substance shows an absorption maximum in the visible region. Because of very large absorption coefficient (ε max : 9275.50 L mol -1 cm -1 in the ran- The rate of the reaction of Ponceau Xyldine and bromate at low temperatures (lower than 40°C) is very low. However, in the presence of low concentrations of V(V) as a catalyst and SSA as activator the reaction proceeds quickly. This causes a rapid decrease in the absorbance of Ponceau Xylidine in the visible region. This reaction can be monitored spectrophotometrically by measuring the decrease in absorbance (at 640 nm) against duration of the first 7.0 min from the initiation of the reaction. In order to give the best analytical results of the present kinetic method, all of the reaction variables must be optimized. From literature scannings, it was concluded that the similar indicator reactions were carried out in strong acidic environment and therefore, to the experimental studies were begun in the environment found strong mineral acids such as H 3 PO 4 , H 2 SO 4 , HCl and HNO 3 . In result of experimental studies made, it was observed that the best result or the highest sensitivity obtained in media containing H 3 PO 4 . Therefore, the experiment was continued with phosphoric acid. Another important study for the catalytic reaction was performed to determine the most appropriate activator. With this purpose, in environments containing oxalic acid, citric acid, tartaric acid, salycilic acid and the sulfosalycilic acid at same concentrations the experiments were repeated and the best analytical signal was obtained in the presence of sulfosalycilic acid.
Effect of the indicator reaction variables
For the optimization of indicator reaction, the impact of reaction variables such as KBrO 3 , Ponceau Xyldine, H 3 PO 4 and SSA concentration, ionic strength and temperature of environment on analytical sensitivity, ∆(∆A) was investigated. Also the time to measure changes in absorbance was optimized. It was found that the maximum change in absorbance as analytical signal (Δ(ΔA): ΔA C -ΔA 0 )) was occurred within the first 7 minutes passing after the initiation of the catalytic reaction. The best correlation coefficient between analytical sensitivity and the vanadium concentration as catalyst have been obtained for fixed-time of 7-minute. For this reason, 7-minute fixed-time measurement was chosen as the most suitable reaction time.
Effect of H 3 PO 4 concentration
The influence of acid concentration on analytical sensitivity as a result of the rate differences of the catalyzed and uncatalyzed reactions was studied in the range of 0.05-0.30 M (Fig. 1) . The rate of the net catalyzed reaction increased with increasing H 3 PO 4 concentration up to 0.15 M while decreasing at higher acid concentrations. However, the largest difference between the rate of the blank and that of the sample reaction was obtained in the H 3 PO 4 concentration of 0.15 M. Thus, 0.15 M was selected as the optimum acid concentration for further studies. 
Effect of BrO 3 -concentration
The effect of bromate concentration on the net reaction rate was studied in order to determine the best bromate concentration. As can be seen from Fig. 2 , the net reaction rate for a sample solution increased with increasing bromate concentration and reached a maximum plateau at approximately 0.015M bromate. At higher bromate concentrations the analytical signal, ∆(∆A) has gradually decreased. The reason of this decrease may be the increase in the uncatalyzed reaction rate in higher bromate concentrations. Therefore, 0.016 M bromate concentration was adopted as optimum value for further studies. 
Effect of SSA concentration
The use of properly selected activators for catalytic reactions offers an improvement in both the sensitivity and the selectivity [23] . There have been numerous reports on vanadium-catalyzed indicator reactions in which some ligands acted as activators: oxine [24] , oxalic, citric [25] and sulfosalicylic acids [26, 25] , Tiron [27] [28] [29] , tartrate [30] , gallic acid [31] and hydrogen carbonate [32] . The possibility for further increase in the sensitivity of catalytic method is the application of a suitable activator into the catalytic system. The various activators examined were oxalate, tartrate, citrate, sulfosalycilic acid (SSA), and salicylic acid. Among them, it was found that SSA has the greatest activating effect on this reaction. In the present study we employed sulfosalycilic acid (SSA) as the best suitable activator for the catalytic oxidation of Ponceau Xylidine. The effect of SSA concentration on the net reaction rate, ∆(∆A) was shown in Fig. 4 . In the concentration range of 2x10 -4 -6x10 -4 mol L -1 , the pronounced increase in the net reaction rate has been observed. However, the rate of catalytic net reaction remained almost constant at SSA concentrations higher than 6x10 -4 mol l -1 . Thus, a SSA concentration of 6x10 -4 mol L -1 was selected as the optimum activator concentration. 
Effect of ionic strength
The effect of ionic strength on the rate of the net reaction was studied by the addition of different concentrations of Na 2 SO 4 into the solution in the range of 0.001-0.500 mol L -1 . Based on the results, increasing the electrolyte concentration up to 0.200 mol L -1 cause a decrease in the sensitivity and then reach a plateau. The change in ionic strength with increasing electrolyte concentration in the range of 0.200-0.050 mol L -1 did not have any effect on the reaction rate. Therefore, a concentration of 0.200 mol L -1 was considered as optimum value for further study. However, it may be recommended that a better signal could be taken at lower ionic strength (µ≤ 0.1 mol L -1 ); therefore, no salt addition to the test solution was used for further studies. Standard addition method is suggested for analyzing vanadium(V) in real samples having high salt content. 
Effect of temperature
The change of net reaction rate with temperature was studied between 20 and 50°C for the uncatalyzed and catalyzed reactions under optimum conditions. The reaction rate of the catalyzed reaction increases with increasing temperature and reaches a maximum value at 40°C. The reaction rate of the uncatalyzed reaction is constant and nearly zero, up to 40°C. At higher temperatures a small but meaningful change in the absorbance for uncatalyzed reaction was observed (Fig. 6 ). For this reason and also for simplicity of temperature control through the experiments, a temperature of 25°C was selected for further work. 
Analytical figures of merit
Linear range, detection limit and reproducibility of the method
The linear range for vanadium determination was evaluated over a fixed time of 0.5-7.0 min from initiation of reaction under the optimum conditions. The rate of the net catalytic reaction increased linearly with V(V) concentration over the range 1-15 ng mL −1 . A detection limit (according to statistical 3S blank /k criterion for ten replicate measurement) of 0.46 ng mL −1 of V(IV) was obtained. The statistical limit value was calculated by multiplying the standard deviation of eleven replicate measurements of absorbance for the reagent blank by three and dividing by the slope of the linear calibration curve. A study of the precision and accuracy of the method was made with five independent experiments and solutions of various concentrations of V(V) under the optimum conditions ( Table 1 ). The vanadium(V) concentrations were evaluated from a calibration graph. 
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Interference study
The effect of interfering ionic species on the determination of V(V) was investigated. More than 20 ions were examined for their possible interferences in the determination of 10 ng mL −1 V(V) under the optimum conditions. The tolerance limit was defined as the concentration which gave an error of 5.0 % in the determination of 10 ng mL −1 V(V). The results are presented in Table 2 . 250-fold causing a relative error of less than or equal to 5%. However, higher concentrations of them must be separated and/or removed by using a strongly cation-exchange resin such as Amberlite IR120 prior to the determination of vanadium.
Analytical applications to different natural water samples and standard reference material
The proposed method was applied to the determination of vanadium in tap water, drinking water and bottled mineral water samples. For tap water, the sample was collected after discharging tap water for about 30 min and boiled for 5 min to remove free chlorine. These natural water samples were filtered through a Millipore membrane filter with a pore size of 0.45 μm. These sample solutions were acidified by adding concentrated hydrochloric acid to pH about 1. In addition, the standard reference material (SRM) 1640 (Trace Elements in Natural Water) issued by National Institute of Standard and Technology (NIST) was employed without any pretreatment process. These samples were directly analyzed by means of the proposed kinetic method. The certified reference sample was analyzed after dilution of 1/10. Also, the vanadium contents of samples were determined by FAAS for a comparison. All analytical results were obtained by using the linear calibration method. To examine the recovery of vanadium, the known amounts of vanadium(V) were added to the sample solution. The results are summarized in Table 3 . The recovery of spiked vanadium(V) was found to be quantitative and the reproducibility was satisfactory. It was observed that the results of the SRM 1640 were in good agreement with the certified value.
The possible catalytic reaction mechanism
It can be clearly known [33] that most indicator reactions used for kinetic-catalytic determination of trace of elements are based on oxidation-reduction reactions in which the catalyst that is usually a multi-charged ion such as V(V) changes its oxidation state during the reaction. Bontchev [34, 35] reported that complexing and/or reducing agents for vanadium such as oxalate, tartrate, citrate and sulfosalycylic acid (SSA), gallic acid and Tiron act as activators on the catalytic oxidation of pphenetidine by vanadium(V) in the presence of chlorate. Author also reported that such activators (A) Artigo Article are oxidized easily by vanadium(V) to radicals (A ), which then react with the co-existed p-phenetidine (S) to produce its radical (S ), followed by the recombination of (S ) radical. SSA has one hydroxyl group to be easily reduced. Hence the similar pathway as mentioned above can be thought to proceed in the present catalytic reaction. Thus, the activating effect of these complexing and/or reducing agents on the present indicator reaction was tested. Among these agents, SSA was found to have a stronger activating effect for vanadium(V 
The catalytic effect of vanadium(V) is to join reactions (1) and (2) repeatedly to produce Br -and to catalyze reaction (4) The reaction of SSA is only as a buffering reduction reagent to provide sufficient Br -in reactions (1), (2) and (3). Therefore, Br2 is produced in reaction (4); then the indicator was oxidized by Br2 its color was decreased. SSA doesn't show any effect on the uncatalytic reaction, and therefore it is a good reducing activator for the catalytic determination of vanadium (V).
Conclusions
A new catalytic-kinetic spectrophotometric method is proposed for the determination of ppb levels of vanadium(V). The method is based on the catalytic effect of vanadium(V) on the oxidation of Ponceau Xylydine with potassium bromate in 0.16 mol L -1 H3PO4 media. The sensitivity was enhanced by adding SSA as an effective activator, being determined as low as 0.46 ng mL
vanadium. The serious interference from Cr(VI) ion can be effectively eliminated with using masking agent such as EDTA or removing a strongly cation-exchange resin after prereduction of Cr(V) to Cr(III) with ascorbic acid. In comparison with most instrumental techniques that can usually be coupled with prior separation and preconcentration process, the present kinetic method is a new, simple, sensitive, selective and precise method for the vanadium determination in especially natural water samples down to 0.46 ng mL -1 using a simple spectrophotometer. On the other hand, among the numerous catalytic methods for vanadium determination only eleven methods [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] dealt with real samples, probably due to the limited sensitivity and/or selectivity of such methods. The catalytic effect of vanadium(V) is to join reactions (1) and (2) repeatedly to produce Br -and to catalyze reaction (4) The reaction of SSA is only as a buffering reduction reagent to provide sufficient Br -in reactions (1), (2) and (3). Therefore, Br 2 is produced in reaction (4); then the indicator was oxidized by Br 2 its color was decreased. SSA doesn't show any effect on the uncatalytic reaction, and therefore it is a good reducing activator for the catalytic determination of vanadium (V).
A new catalytic-kinetic spectrophotometric method is proposed for the determination of ppb levels of vanadium(V). The method is based on the catalytic effect of vanadium(V) on the oxidation of Ponceau Xylydine with potassium bromate in 0.16 mol L -1 H 3 PO 4 media. The sensitivity was enhanced by adding SSA as an effective activator, being determined as low as 0.46 ng mL −1 vanadium. The serious interference from Cr(VI) ion can be effectively eliminated with using masking agent such as EDTA or removing a strongly cation-exchange resin after prereduction of Cr(V) to Cr(III) with ascorbic acid. In comparison with most instrumental techniques that can usually be coupled with prior separation and preconcentration process, the present kinetic method is a new, simple, sensitive, selective and precise method for the vanadium determination in especially natural water samples down to 0.46 ng mL -1 using a simple spectrophotometer. On the other hand, among the numerous catalytic methods for vanadium determination only eleven methods [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] dealt with real samples, probably due to the limited sensitivity and/or selectivity of such methods. Table.4 shows the advantages and disadvantages of the present kinetic method. The method is successfully applied to the analysis of vanadium in natural water samples without preconcentration and separation. The accuracy and precision of the method was also controlled by means of the recoveries of V(V) spiked water samples and determination of vanadium in certified natural water reference material such as SRM 1640.
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